Long-term or heavy use of glucocorticoids can cause severe necrosis of the femoral head, but the underlying mechanisms are still unclear. Recent studies have found that mitochondrial dynamics play an important role in femoral head necrosis. Here, we investigated the effect of dexamethasone on the mitochondrial function of mesenchymal stem cells. We observed that high concentrations of dexamethasone (10 À6 molÁL À1 ) decreased cell activity, promoted apoptosis, elevated levels of reactive oxygen species and disrupted mitochondrial dynamics. Furthermore, dexamethasone (10 À6 molÁL À1 ) inhibited osteogenesis of stem cells and promoted adipogenesis. These findings may facilitate greater understanding of the adverse effects of dexamethasone on the femoral head.
Long-term or heavy use of glucocorticoids can cause severe necrosis of the femoral head, but the underlying mechanisms are still unclear. Recent studies have found that mitochondrial dynamics play an important role in femoral head necrosis. Here, we investigated the effect of dexamethasone on the mitochondrial function of mesenchymal stem cells. We observed that high concentrations of dexamethasone (10 À6 molÁL À1 ) decreased cell activity, promoted apoptosis, elevated levels of reactive oxygen species and disrupted mitochondrial dynamics. Furthermore, dexamethasone (10 À6 molÁL À1 ) inhibited osteogenesis of stem cells and promoted adipogenesis. These findings may facilitate greater understanding of the adverse effects of dexamethasone on the femoral head.
Osteonecrosis of the femoral head (ONFH) is a severe and high-incidence disease in orthopedics that is closely related to excessive glucocorticoid use [1, 2] . However, currently there is no effective clinical treatment for ONFH, and the reason is related to the unclear pathogenesis of ONFH. Bone marrow-derived mesenchymal stem cells (MSCs) were multipotent progenitor cells that can differentiate into osteocytes, adipocytes, chondrocytes and so on [3] . MSCs are important in the pathophysiology process of ONFH and have extraordinary multilineage differentiation capacity [4, 5] . In recent years, the role of mitochondria in senescence-related diseases has been widely concerning for domestic and foreign scholars. Mitochondria are not only the main energy supply center in cells, but also participate in the regulation of various cell signal transduction processes, such as Ca 2+ homeostasis, cell apoptosis and production of reactive oxygen species (ROS) [6, 7] . As a kind of highly dynamic network of tubular mitochondria organelles, through the continuous integration (fusion) and division (fission) to maintain their normal morphology and physiological function, the process is referred to as mitochondrial dynamics, which can repair the slightly damaged mitochondria; that is, mitochondrial fusion splits the proliferation and extends, which can realize the normal number of physiological conditions, integration and division in dynamic equilibrium [8] . Mitochondrial kinetic imbalance and the ROS level increase induced by it play important roles in this process. The physiological level of ROS can act as an important second messenger in cells and participate in regulating cell growth, differentiation, metabolism and other activities. However, in the pathological state, the imbalance of mitochondrial kinetics and the induced increase in ROS level can lead to a variety of metabolic disorders. It has been confirmed that increased ROS levels also play an important role in BMSC osteogenic and lipogenic differentiation disorder [9] [10] [11] . Sirtuins (SIRTs) are nicotinamide adenine dinucleotide + -dependent deacetylases, belonging to the silencing information regulatory factor family, including different members of sirt1-7. Studies have shown that SIRTs are important in cell differentiation, death, aging, metabolism, inflammation, tumor and life span regulation, and other processes [12] . SIRT3 plays an important role in cell synthesis of nicotinamide adenine dinucleotide + , ATP and mitochondrial respiratory cycle, and is of great significance for the mitochondrial respiratory chain and antioxidant system [13] [14] [15] [16] .
Salvianolic acid B (Sal B), a traditional Chinese compound, can protect neuro-and cardio-correlative diseases [17, 18] . Sal B is a famous antioxidant among the most effective natural products [19, 20] .
Based on previous studies, we boldly speculated that glucocorticosteroid-induced ONFH might lead to decreased osteogenesis and enhanced adipogenesis of MCSs by inducing mitochondrial fusion and division disorders of MSCs, and use of traditional Chinese medicine Sal B may effectively reduce apoptosis ( Fig. 1 ).
Materials and methods

MSCs
Human bone MSCs were harvested from the joint replacement of healthy volunteer donors. The donors signed the informed written consent. The study methodologies conformed to the standards set by the Declaration of Helsinki and approved by the ethics review committee of Union Hospital affiliated to Huazhong University of Science and Technology. Cells were cultured in Dulbecco's modified Eagle's medium-F12 containing 10% FBS and 1% penicillin-streptomycin. The 2-3 passage cells were used in the next experiments. Then we used flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA) to detect the cell surface markers [CD73, CD90 and CD105 for positive expression and CD34 and human leukocyte antigen (HLA)-DR for negative expression]. Moreover, the potential of MSCs for multilineage differentiation was determined in osteogenic, chondrogenic and adipogenic differentiation mediums, respectively (Cyagen, Suzhou, China).
Cell Counting Kit-8 assay
MSC viability was determined by Cell Counting Kit-8 (CCK-8; Dojindo, Tokyo, Japan) as described here. In brief, we first added 5000 cells per well in 96-well culture plates. After 12 h, MSCs were treated with dexamethasone at various concentrations. At 1, 3 and 5 days later, the cells were cultured with 100 lL of Dulbecco's modified Eagle's medium-F12 containing 10% of CCK-8 solution; then the plates were incubated in a cell incubator for 3 h. The absorbance was determined at 450 nm. Then the cell viability cultured with different concentrations (1, 5 and 10 lmolÁmL À1 ) of Sal B was studied. For Sal B administration, Sal B was diluted to final concentrations of 1, 5 and 10 lM with serum-free culture medium and then cultured for 3 days.
Live/Dead staining
The effects of dexamethasone on MSCs were quantified by Calcein-AM/propidium iodide (PI) (Dojindo). The samples were treated with different concentrations of dexamethasone for 3 days; then the cells were rinsed with PBS three times and incubated in PBS containing 2 lmolÁL À1 Calcein-AM and 4 lmolÁL À1 PI in the dark for 15 min. The cells were then detected by a fluorescence microscope (Olympus, Tokyo, Japan) in the dark. Live cells showed green fluorescence, whereas the dead cells showed red fluorescence.
Annexin V-PI staining
The MSCs from the experimental group and control group were harvested and washed with PBS; then the cells were 
Alizarin Red S, alkaline phosphatase staining and Oil Red O staining
After the MSCs were cultured in osteogenic induction medium in 24-well culture plates with different concentrations of dexamethasone for 14 days, Alizarin Red S (Cyagen Biosciences, Inc., Santa Clara, CA, USA) was used according to the protocol. In brief, we used 4% paraformaldehyde to fix the cells. Then the cells were washed in PBS twice and treated with solution for 25 min, followed by washing with PBS and air-drying. The samples were observed by an optical microscope.
For alkaline phosphatase (ALP) staining, after 14 days, the 4% paraformaldehyde was used to fix the MSCs for 20 min, then rinsed twice with PBS and incubated with ALP reagent in accordance to the manufacturer. The samples were observed by an optical microscope.
For Oil Red O staining, after 14 days, the 4% paraformaldehyde was used to fix the MSCs for 20 min, then rinsed twice with PBS and incubated with Oil Red O staining reagent. Then it was washed three times with PBS after 30 min. The samples were observed by an optical microscope.
Electron microscopy
Cell samples for electron microscopic examination were first fixed by 2.5% glutaraldehyde at 8 h at 4 ℃; then the cells were rinsed three times with 0.1 M phosphate buffer (pH 7.4), each time for 15 min. One percent osmium tetroxide was used to fix samples for 2 h at room temperature; then they were washed again. After gradient dehydration using ethanol, the samples were embedded overnight. Finally, 80-nm thin sections were stained and examined by transmission electronic microscopy (HT7700-SS/FEI Tecnai G20 TWIN, FEI company, Hillsboro, OR, USA).
Western blot analysis
Western blotting (WB) assays were used to test the proteins of indicator of mitochondrial fusion and division, including Sirt3, fission 1 (Fis1), mitochondrial fission factor (MFF), mitofusin 1 (Mfn1), mitofusin 2 (Mfn2), indicator for osteogenesis, adipogenesis [ALP, Runt-related transcription factor 2, collagen type I, peroxisome proliferator-activated receptor, adducin 1 (ADD1)] and mitochondrial-apoptosis indicator [cleaved caspase-3, cytochrome c (Cyt-c)]. In brief, the MSCs were cultured with different concentrations of dexamethasone for 7 days. Proteins were extracted, and quantitation was performed by a BCA Protein Assay Kit (Beyotime, Shanghai, China). Equal amounts of protein from each group were separated by SDS/PAGE and then transferred to PVDF membranes (Millipore, Boston, MA, USA); before being incubated with primary antibodies, the membranes were blocked with 5% nonfat milk in TBST buffer and incubated at 4°C overnight. Then we used TBST to wash the membranes three times and incubated the secondary antibody for 1 h. Finally, the protein expression was analyzed by AlphaEaseFC (IBM, Armonk, NY, USA). Glyceraldehyde-3 phosphate dehydrogenase was used as normalization.
Assessment of mitochondrial membrane potential
Mitochondrial membrane potential was detected by JC-1 (C2006; Beyotime) assay kits according to our previous study [21] . In brief, cells were cocultured with dexamethasone of different concentrations for 24 h; then the cells were centrifuged and collected. Jc-1 working fluid was added and incubated in the cell culture box for 20 min. Finally, Jc-1 buffer was used for washing twice and analyzed by flow cytometer (CytoFLEX; Beckman Coulter, Brea, CA, USA). Mitochondrial membrane potential loss was calculated according to the decrease ratio of red (JC-1 aggregates) to green (JC-1 monomers).
Statistical analysis
Data are expressed as the mean values AE standard deviation (SD) of three independent experiments, and analysis was by SPSS 22.0. (IBM, Chicago, IL, USA). Differences between treatment groups and culture group were determined by Student's t-test or one-way ANOVA. A Pvalue < 0.05 was considered statistically significant.
Results
High concentration of dexamethasone inhibits cell activity
Human MSCs were collected from the donors of joint replacement. Flow cytometry analysis indicated that MSC surface antigens were CD73 + , CD105 + and CD90 + , as well as CD34 À and HLA-DR À (Fig. 2A) . Multilineage differentiation showed that MSCs can differentiate to osteogenesis, adipogenesis or chondrogenesis ( Fig. 2B ). We first explored the effect of different concentrations of dexamethasone on MSC activity. It was clear that the high concentration of dexamethasone (10 À6 molÁL À1 ) inhibits the proliferation of MSCs, lower concentrations of dexamethasone promoted MSC proliferation (P < 0.05) after 5 days, and there is no statistical difference between the control group and experimental group after 1 and 3 days. As in most previous studies, high concentrations of dexamethasone have been shown to inhibit MSC proliferation and vice versa (Fig. 2C ).
Calcein-AM/PI staining
The effects of different concentrations of dexamethasone on MSCs were quantified by Calcein-AM/PI. Red cells increased with increasing dexamethasone concentrations. Obviously, more red signals appear at concentrations of 10 À6 molÁL À1 . These data implied that high concentrations of dexamethasone have cytotoxic effects on MSCs (Fig. 2D ).
High concentration of dexamethasone promotes apoptosis
To investigate whether a high concentration of dexamethasone induces MSC apoptosis, we applied Annexin V-PI staining to exploited apoptosis. Concentrations of 10 À6 molÁL À1 dexamethasone significantly induced respectively. (C) Cells were treated with 10 À6 , 10 À7 and 10 À8 molÁL À1 dexamethasone for 1, 3 and 5 days, followed by CCK-8 assay to determine cell number/cell proliferation, with cells that received no treatment as the control. n = 3 per group. *P or **P represent significant difference (one-way ANOVA). Values are represented as mean AE SD. *P < 0.01 (0.05), comparison between 10 À7 molÁL À1 or 10 À8 molÁL À1 with control; **P < 0.01, comparison between 10 À6 molÁL À1 . (D) Cells were treated with 10 À6 , 10 À7 or 10 À8 molÁL À1 dexamethasone for 72 h. Cell survival was monitored using Calcein-AM/PI double staining. Scale bars: 50 lm. MSC apoptosis compared with control cells (Fig. 3A) . Further quantitative results showed that dexamethasone treatment had a dose-dependent increase in cell apoptosis (Fig. 3B ).
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Dexamethasone increases mitochondrial division and reduces fusion
Changes in mitochondrial homeostasis will lead to changes in cell function. First, as shown in Fig. 4A , complete mitochondrial structure and mitochondrial cristae can be seen in the control group; in contrast, in the high concentration of dexamethasone group, the fission of mitochondria and the disappearance of mitochondrial cristae were clearly evident. Then, WB was used to verify changes in mitochondrial function after the intervention of different concentrations of dexamethasone. Sirt3, mitochondrial fusion indicators Mfn1 and Mfn2, and mitochondrial division indicators Fis1 and MFF were detected. As shown in Fig. 4B ,C, with the increase of dexamethasone concentration, all fusion indictors decreased, fission indicators increased and Sirt3 declined gradually.
The mitochondrial pathway was involved in dexamethasone-induced MSC apoptosis
The cell apoptotic events can be regulated through the mitochondrial pathway, which mainly contains mitochondrial membrane permeabilization and proapoptotic proteins. As shown in Fig. 5A,B , dexamethasone treatment enhanced the mitochondrial membrane potential loss in MSCs. Then, we examined the proapoptotic proteins including cleaved caspase-3 (C-caspase-3) and Cyt-c. As shown in Fig. 6A,B , compared with the control group, C-caspase-3 in the concentration of 10 À6 molÁL À1 dexamethasone group increased significantly, and there was a significant statistical difference (P < 0.05); the comparison between the 10 À6 and 10 À7 molÁL À1 dexamethasone groups also showed a significant statistical difference (P < 0.05). Finally, we examined the Cyt-c location in the mitochondria and the cytoplasm. WB analysis has shown that the ratio of cytoplasmic to mitochondrial Cyt-c was significantly increased by dexamethasone treatment (Fig. 6C,D) . These data revealed that dexamethasone affected the mitochondrial apoptotic pathway.
Dexamethasone increases adipogenesis and inhibits osteogenesis
We used WB to verify the effect of dexamethasone on osteogenesis and adipogenesis. As shown in Fig. 7A,B , compared with the control group, with the increase of dexamethasone concentration, the osteogenic indicators decreased and the adipogenic indicators increased. To further investigate the effect of different concentrations of dexamethasone on MSC osteogenesis, 14 days after osteogenic induction, we performed Alizarin Red, ALP and Oil Red O staining. As shown in Fig. 7C , with the increase of dexamethasone concentration, the osteogenic potential decreases and adipogenesis increases.
Sal B effect on MSC apoptosis
We first investigated the effects of different concentrations of Sal B on MSC activity. As shown in Fig. 8A , cell viability was not significantly different (P > 0.05). Then we investigated whether Sal B can inhibit dexamethasone-induced apoptosis. Although Sal B can inhibit apoptosis in the 10 À7 and 10 À8 molÁL À1 dexamethasone groups, there were still statistically differences between the control and 10 À6 molÁL À1 dexamethasone groups (Fig. 8B,C) .
Discussion
Oxidative stress is important in the pathophysiology of many diseases, such as atherosclerosis, hypertension, diabetes and heart failure [22] [23] [24] . A current study found that glucocorticoid treatment can decrease osteogenesis and increase adipogenesis, because both osteogenesis and adipogenesis begin in the bone marrow precursor cells [25] . Mitochondria are not only the main energy supply center in cells, but also participate in the regulation of various cell signal transduction processes, such as Ca 2+ homeostasis, cell apoptosis and production of ROS.
However, it has not been reported whether the mitochondrial dynamics disorder will lead to the changes of osteogenesis and adipogenesis in MSCs. First, we investigated the effects of dexamethasone at different concentrations on cell activity by CCK-8 assay. We found that a high concentration of dexamethasone (10 À6 molÁL À1 ) significantly reduced cell activity after 5 days. Then we used Live/Dead assay to further detect the cell viability and as with the CCK-8 assay, more dead cells were shown in 10 À6 molÁL À1 groups after 3 days. To quantitatively detect apoptosis rate, we used Annexin V-PI staining. More than 12.5 AE 1.2% of cells were apoptotic. We then examined mitochondrial fusion and division by electron micrographs and WB. As expected, mitochondrial division increased and fusion decreased when the concentration of dexamethasone increased. Next, we evaluated the mitochondrial membrane potential and the related indicators of apoptosis; we found that high concentrations of dexamethasone can cause loss of mitochondrial membrane potential and promote apoptosis. We then looked at whether mitochondrial dynamics disorder could lead to increased osteogenesis and decreased adipogenesis. Alizarin Red, ALP and Oil Red O staining showed that osteogenesis reduced significantly and adipogenesis increased after 14 days of culture with different concentration of dexamethasone. WB assay results further confirmed that a high concentration of dexamethasone resulted in decreased osteogenesis and increased adipogenesis. Then we examined whether Sal B can inhibit apoptosis. Flow cytometry showed that Sal B can inhibit apoptosis in the 10 À7 and 10 À8 molÁL À1 dexamethasone groups. Lu et al. [26] reported that Sal B can protect rat MSCs against oxidative stress-induced apoptosis, indicating that Sal B may reduce ROS production by protecting dexamethasone-induced mitochondrial disorders, thereby promoting the transformation of MSCs into osteoblasts. As shown in our group, although Sal B can inhibit apoptosis in the 10 À7 and 10 À8 molÁL À1 dexamethasone groups, there were still statistical differences between control and 10 À6 molÁL À1 dexamethasone groups. Sal B had no significant effect on apoptosis induced by dexamethasone in our study.
However, our study still has some limitations. Although our study found that a high concentration of dexamethasone can induce apoptosis by dynamics disorders of mitochondria, further investigation is needed to fully reveal the underlying mechanisms in dexamethasone modulation of mitochondria disorder. In addition, the protective effect of Sal B on mitochondria needs to be further explored. In summary, high concentrations of dexamethasone can cause mitochondrial dynamics disorders that can lead to increased mitochondrial division and decreased fusion, and MSCs osteogenesis increases and adipogenesis decreases.
